ABSTRACT: The development of HIV-1 protease inhibitors has been the historic paradigm of rational structure-based drug design, where structural and thermodynamic analyses have assisted in the discovery of novel inhibitors. While the total enthalpy and entropy change upon binding determine the affinity, often the thermodynamics are considered in terms of inhibitor properties only. In the current study, profound changes are observed in the binding thermodynamics of a drug-resistant variant compared to wild-type HIV-1 protease, irrespective of the inhibitor bound. This variant (Flap+) has a combination of flap and active site mutations and exhibits extremely large entropy−enthalpy compensation compared to wild-type protease, 5−15 kcal/mol, while losing only 1−3 kcal/ mol in total binding free energy for any of six FDA-approved inhibitors. Although entropy−enthalpy compensation has been previously observed for a variety of systems, never have changes of this magnitude been reported. The co-crystal structures of Flap+ protease with four of the inhibitors were determined and compared with complexes of both the wild-type protease and another drug-resistant variant that does not exhibit this energetic compensation. Structural changes conserved across the Flap+ complexes, which are more pronounced for the flaps covering the active site, likely contribute to the thermodynamic compensation. The finding that drug-resistant mutations can profoundly modulate the relative thermodynamic properties of a therapeutic target independent of the inhibitor presents a new challenge for rational drug design.
D evelopment of potent inhibitors requires optimizing the binding affinity to the target, which is dictated by the binding free energy composed of both enthalpic and entropic contributions. Structure-based drug design enormously benefits from thermodynamic profiles, which provide information on the driving forces for binding. 1 HIV-1 protease inhibitors (PIs) were initially based on the substrate sequences as well as on the topology of the enzyme's active site. 2 The original structurebased drug design strategy was to optimize the entropy of binding by introducing conformational restraints into compounds so that they are preshaped to fit into the active site. In addition, these compounds are highly hydrophobic, resulting in an increase in solvation entropy upon binding. Thus, the first generation drugs bind with favorable entropy but with a corresponding loss in enthalpy. 3 Some newer HIV-1 PIs 4−9 have favorable binding enthalpy and often higher affinity, as with Darunavir (DRV), leading to the hypothesis that favorable enthalpy may aid in attaining better inhibitors that are less susceptible to drug resistance. However, the binding of high affinity Tipranavir (TPV) is highly entropically driven. 9 Hence, both entropy and enthalpy of binding can contribute significantly to the high affinity of potent inhibitors.
The interplay between entropy and enthalpy in attaining high affinity is not very well understood at the molecular level and can be complex. In most cases, achieving higher affinity requires a saddle-point type of optimization, as enhancing the conformational entropy is balanced against the competing tendency to maximize intramolecular contacts and hence enthalpy. 10 Entropy−enthalpy compensation has been observed in many biological systems after relatively minor perturbations to the system, including protein−metal interactions, 11, 12 cAMP receptor protein variants and RNA polymerase binding, 13 peptides binding to the Src Homology 2 domain of the Src kinase, 14 as well as ligands binding to cyclodextrin variants. 15, 16 This compensation comprises nearly equal and opposite changes in TΔS and ΔH usually of 1−2 kcal/mol, resulting in only minimal differences in the overall ΔΔG when comparing the binding of different complexes. 17 The consequence of entropy−enthalpy compensation makes it difficult to integrate the direct properties of enthalpy and entropy into rational drug design.
Drug-resistant mutations in HIV protease throughout the enzyme can decrease the binding affinity with inhibitor molecules in a complex, interdependent, and cooperative manner. 18, 19 Combinations of thermodynamic and structural studies by many groups, including our own, evaluated the consequences associated with drug-resistant mutations. 6,20−25 Our earlier thermodynamic study on DRV and the chemically similar inhibitor amprenavir (APV) hypothesized a structural rationale for their unprecedented highly favorable enthalpy even with drug-resistant protease variants. 6 The single-ringed tetrahydrofuran (THF) group of APV was replaced with a double-ringed bis-THF in DRV, which forms additional protease−inhibitor interactions 6 correlating with high affinity and highly favorable enthalpy. Such aspects of conformational changes in the bound structure may correlate with conserved thermodynamic changes, even though thermodynamics of binding is an equilibrium property between the liganded and unliganded forms of the enzymes.
In the present study, the crystal structures and thermodynamics are compared for the binding of inhibitors APV, atazanavir (ATV), DRV, indinavir (IDV), nelfinavir (NFV), and saquinavir (SQV) to the wild-type (WT) HIV-1 protease and two multi-drug-resistant (MDR) variants ( Figure 1 ): (i) Act, with two active site mutations (V82T/I84V), and (ii) Flap + (L10I/G48V/I54V/V82A) derived as a combination of mutations that simultaneously occur in patients' sequences in flap and active site regions. 26 Both of these drug-resistant protease variants lose similar amounts of inhibitor binding affinity relative to the WT protease. However the Flap+ variant 6, 21 are the most robust against the drug-resistant variants, consistent with results for other drug-resistant HIV-1 protease variants. 27 A closer examination of the specific enthalpic and entropic contributions to the free energy (Table 1 ) reveals that the binding of the first generation inhibitors IDV, NFV, and SQV to all protease variants is entropically driven (negative −TΔS). In contrast, binding of APV, ATV, and DRV to WT and Act proteases is both enthalpically (negative ΔH) and entropically driven (Table 1) . However, the binding of these same compounds (APV, ATV, and DRV) becomes endothermic (positive ΔH) with the Flap+ protease. In this case, inhibitor binding is entropically driven, suggesting considerable solvation effects and/or enhanced protease/inhibitor flexibility upon complex formation.
To better evaluate the changes in binding thermodynamics due to drug resistance mutations, the difference in entropic and enthalpic contributions to the binding free energy with respect to the WT protease were calculated ( Figure 2 ). Strikingly, there is a significant entropy−enthalpy compensation in the Flap+ protease for all of the inhibitors: difference in entropy (Δ(−TΔS) and enthalpy (ΔΔH) of binding have opposite sign and similar magnitude, canceling out to yield relatively small changes in the overall binding free energy (ΔΔG). APV and DRV bind to Flap+ protease with an entropy−enthalpy compensation in the order of 10 kcal mol −1 . Even though ΔΔG values for Act protease are comparable to those for Flap+, the entropy−enthalpy compensation is either minimal or nonexistent ( Figure 2b ).
These dramatic changes in binding thermodynamics of APV and DRV to Flap+ relative to WT protease were further evaluated by comparing the heat capacity changes upon binding (ΔC p in Table 1 ). The mutations in the Flap+ protease substantially change the overall heat capacity change associated with binding of these two inhibitors, by more than 100 cal mol
. This large and negative change in ΔC p suggests altered hydrophobic effects in inhibitor binding to Flap+ and may be due to increased nonpolar interactions with the inhibitor and release of solvation water upon complex formation. The favorable solvation entropy indicated by more negative ΔC p 28,29 is also consistent with entropy-driven binding to Flap+ protease.
Structural Comparison of Protease Complexes. Crystal structures of the six inhibitors in complex with WT, Act, and Flap+ protease variants were determined and compared ( Table  2 ). The 12 inhibitor complexes chosen for this structural analysis were superimposed onto the capsid-p2 substrate complex (PDB code 1F7A), as described in Methods. The root mean squared deviations (rmsd) of Cα atoms with respect to the substrate complex were calculated for each protease variant (Figure 3a) . Although the distributions of rmsd values for the WT and Act complexes follow the same pattern, the distribution observed in the Flap+ complexes is considerably different. Interestingly, the Flap+ complex structures exhibit the largest difference around the flap region (residues 44−57). The rmsd in coordinates near Lys41 and Lys57 for both monomers of Flap+ is the highest (>0.8 Å), whereas for the tip of the flap (Ile50) the rmsd value drops to <0.25 Å. For the WT and Act complexes, the rmsd values for the entire flap region remain relatively uniform at 0.5−0.65 Å. Thus, the relative changes in the backbone suggest that the flap region of Flap+ complexes is conformationally distinct from WT and Act proteases.
The rmsd values mapped onto the HIV-1 protease structure further illustrate that Flap+ inhibitor complexes are different from the WT and Act complexes, especially at the flaps ( Figure  3 ). Figure 3b demonstrates the high-degree of structural Additionally, pairwise structural comparisons (WT vs Flap+ and WT vs Act) were carried out for complexes of each inhibitor ( Figure 5) . 30, 31 The double-difference plots comparing WT and Flap+ complexes reveal structural differences mainly concentrated around the flaps (Pro44−Lys57) and the P1-loop regions (Pro79−Ile84), which are asymmetric in that they occur in one monomer only. The flap of that particular The structural analysis reveals that the asymmetry induced by inhibitor binding to the Flap+ variant is more pronounced compared to WT and Act protease. This conserved asymmetric structural change observed in the Flap+ variant inhibitor complexes and altered flap behavior may contribute to the unique thermodynamic characteristics.
Inhibitor−Protease Hydrogen Bonds. The number of hydrogen bonds between the inhibitor and the protease atoms is 9, 13, 11, and 12 for APV, ATV, DRV, and SQV, respectively, for each protease variant. None of these bonds are with the flaps in APV and DRV complexes. The APV WT and APV Act complexes form two hydrogen bonds between Asp29 N and Asp30 N and the inhibitor THF ring O, which are absent in the Flap+ complex. However, these two interactions are maintained in all of the complexes of DRV. One new hydrogen bond is observed in both the APV and DRV Flap+ complexes between Asp30′ OD1 and APV Flap+ (N3) or DRV Flap+ (N1), respectively. ATV and SQV form 4 and 2 hydrogen bonds, respectively, to the backbone of residue 48 in the flap. However, the N to Gly48 O hydrogen bond in the SQV WT and SQV Act does not exist in SQV Flap+ . Thus, there are specific changes in the hydrogen bonds for each of the inhibitors in the Flap+ complexes, rendering the hydrogen bonding pattern distinct from those in the corresponding inhibitor complexes of WT and Act protease variants.
Rearrangement of Packing around the Inhibitor in Drug-Resistant Proteases. Details of binding and packing around the bound inhibitor in WT and MDR proteases were assessed by van der Waals (vdW) interactions between the inhibitor and the protein active site (Figure 6a) . The difference in vdW interaction energy for each protease active site residue in Flap+ and Act complexes (ΔV(r)) with respect to WT protease (V(r) WT ) were calculated (Figure 6b−e) . Increase in vdW contacts by one inhibitor−protease residue pair is usually compensated by a decrease in contacts between another pair, rendering the net change in van der Waals contacts (ΣΔV(r)) (panel a) relatively small. These changes in residue contacts are due to the rearrangement of packing around the inhibitors in the MDR protease variants and are reflected in the total absolute value of changes in vdW contacts (Σ|(ΔV(r)|) relative to WT complex structures. Repacking around the inhibitors is most pronounced for APV Flap+ and DRV Flap+ complexes, while the changes are smaller in APV Act and DRV Act (Figure 6b,d) . Thus, the inhibitor-protease packing in the APV and DRV complexes of the Flap+ variant, which display severe entropy− enthalpy compensation, are significantly different compared to WT protease.
A closer look at vdW interactions of the catalytic site and flap regions reveals the details of the active site rearrangement in Flap+ complex structures (Figure 6b−e) . In APV Flap+ and DRV Flap+ complexes, inhibitor contacts increase for catalytic site residues Asp25−Asp30 in one monomer but decrease in the other monomer (Asp25′−Asp30′). Concurrent with the large rearrangement of flap regions (Figures 3 and 4) , these changes define the asymmetric conformation assumed by inhibitor complexes of Flap+ protease, which display extreme entropy− enthalpy compensation. Changes in contacts of flaps with the inhibitors in Flap+ variant are more subtle but distinct from Act and WT complexes. Interestingly, in all Flap+ complexes, nonpolar P1′ moiety of the inhibitor is in close proximity to flap tips, possibly stabilizing the unvaried conformation of the flaps (Figure 4a) .
To assess the direct effect of resistance mutations, van der Waals contacts of mutation sites (L10I/G48V/I54V/V82A in Flap+ and V82T/I84V in Act) with the inhibitors were examined in detail. Only Val48 and Ala82 are involved in direct contacts with the inhibitors in Flap+ complexes. The side chain of Val48 forms interactions with the inhibitor in SQV Flap+ , while the inhibitor in all of the other Flap+ complexes interacts with the backbone of Val48. Residue 82 is a Thr in Act protease and Ala in Flap+. The V82T mutation in the Act complexes results in minor changes in van der Waals contacts. Compared to Thr82 in the Act complexes, the Flap+ complexes exhibit a loss in contacts by Ala82. Despite this loss in contacts due to the valine to alanine substitution, the three-dimensional arrangement of this region among the Flap+ complexes is highly conserved. Similar to the V82A mutation in the Flap+ complexes, the I84V mutation in the Act complexes results in a reduction of van der Waals contacts. Hence, the impact of the mutations appears not to be a direct change in overall van der Waals contacts, but rather an indirect change subtly rearranging the active site and therefore the energetics of inhibitor binding.
Molecular Basis and Implications of Entropy−Enthalpy Compensation. Majority of thermodynamic studies on drug-resistant variants of HIV-1 protease have revealed a loss in the binding enthalpy, decreasing the overall free energy and hence affinity with respect to WT. 6,7,19,22,35−37 The multidrug-resistant variant Flap+ displays unique thermodynamics of inhibitor binding, with an extreme entropy−enthalpy compensation and significant reduction in heat capacity change compared to the WT enzyme. This entropy−enthalpy compensation is observed with all of the six different HIV-1 protease inhibitors studied here, especially for APV and DRV. The loss in the binding enthalpy with respect to WT is very high, on the order of 10 kcal mol −1 , and this loss is compensated by favorable entropy changes of similar magnitude. This compensation leads to relatively low but still significant losses in the overall free energy and hence binding affinity. The other multi-drug-resistant protease variant, Act, has comparable reductions in inhibitor binding affinity as the Flap+ protease, but Act does not display any significant entropy−enthalpy compensation.
Comparing Flap+ to WT and Act protease complexes, rearrangement of packing around the bound inhibitor revealed by changes in vdW interactions and distinct hydrogen bonding patterns were observed. The most significant structural changes in the inhibitor complexes of Flap+ compared to WT and Act are in the conformation of the flap regions (Figures 3−5) . The Flap+ variant of HIV-1 protease has two mutations in the flaps at G48V, I54V, as well as an active site mutation V82A and a surface mutation just outside the active site, L10I. The flaps of HIV-1 protease are critical to enzyme function and are known to be highly mobile in the WT apo enzyme. 38−40 The flaps of the protease must open up to allow substrate or inhibitor binding. When bound, the flaps close over the inhibitor in the active site. Different than the WT and Act variants, the tips of the Flap+ protease adopt a conserved conformation among all inhibitor complexes (Figure 4) , and the rest of the flaps rearrange to accommodate various inhibitors. The two mutations in Flap+ flanking the flap tips (G48V/I54V) and the positioning of the nonpolar P1′ group of the inhibitors perhaps restricts the conformational freedom of this region, resulting in the apparent rigidity when bound to inhibitors. The conformationally restricted flap tips may act as hinges and cause the distal parts of the flaps (including the 40s loop) and the inhibitor to be more flexible in Flap+ complexes. Such an enhancement in conformational entropy would be consistent with the entropy-driven binding of inhibitors to Flap+ protease.
Another possible explanation for the entropy-driven binding of inhibitors to Flap+ could be the release of substantial amounts of solvation water from the active site upon inhibitor binding. Changes in solvent accessibility 41 and water structure 42 have been previously implicated as potential reasons for entropy−enthalpy compensation. There are no significant changes in the solvent accessibility and crystallographic water structure (see Supporting Information) of Flap+ complexes compared to WT protease. Hence, any possible role of water structure in the entropy−enthalpy compensation is not apparent from the crystal structures.
While implicating changes in the flap behavior, the unique entropy−enthalpy compensation phenomenon in the Flap+ variant cannot be inferred solely from the inhibitor-bound structures. The changes in binding thermodynamics are likely caused by highly interdependent, subtle, but significant alterations in the structure and dynamics, involving both the inhibited and free states of the enzyme. However, deducing changes in the dynamics of a system from the static crystal structures is very challenging, if not impossible. Protein dynamics is related to the conformational entropy, and changes therein could potentially be significant enough to impact entropy and hence free energy of inhibitor binding. 43 Flexibility and dynamics of Flap+ protease may be substantially altered in both apo and inhibitor-bound states. Molecular dynamics simulations comparing WT HIV-1 protease with a G48V mutant indicated a marked difference in the flexibility of the flap tips, 44 reducing the frequency of trans−cis isomerization of the ω-bond for Val48 relative to Gly48. More recently, extensive MD simulations and detailed NMR relaxation experiments indeed indicated differential flap dynamics in the Flap+ variant compared to WT protease. 45 Together with future analysis of inhibitor-bound structure, the evaluation of changes in dynamics and flexibility will contribute to a better understanding of the molecular mechanisms underpinning entropy−enthalpy compensation in this drug-resistant protease variant. Additionally, investigating the effect of individual mutations in contributing to the observed thermodynamic behavior will be informative (unpublished data). Future studies may also address the structural basis of resistance in variants with fully diminished susceptibility to APV and DRV to gain insight into the binding mode of these inhibitors.
The challenge in rational drug design is to truly integrate interdependent sequence, structure, energetic, and dynamic data in a productive manner to minimize the emergence of drug resistance. To completely integrate thermodynamics in structure-based drug design, a comprehensive approach is necessary involving structures and dynamic information of both the free and the bound states of the inhibitor and the therapeutic target. The binding thermodynamic properties can be profoundly modulated not only by the inhibitor but also by alteration of the target, such as in the evolution of drug resistance. In drug resistance, the target mutates to avoid drug binding but still needs to maintain substrate binding and processing. The interplay between these two processes relies on a balance determined by the dynamics and kinetics of the system, and the target can evolve in many different ways to maintain this essential balance. The extreme entropy−enthalpy compensation observed here is a manifestation of subtle but significant changes that lead to drug resistance and emerges as an additional challenge to rational drug design.
■ METHODS
Protease Gene Construction. The WT protease gene was constructed using synthetic oligonucleotides optimized for Escherichia coli codon usage and included the Q7K substitution to prevent autoproteolysis. 46 Additionally, all of the constructs included the natural polymorphism L63P. Mutations were introduced using the Quick Change site-directed mutagenesis kit (Stratagene) and confirmed by DNA sequencing.
Protein Expression and Purification. HIV-1 protease was overexpressed in E. coli Tap106 cells using heat induction, as previously described. 20 The protease was extracted from inclusion bodies using 50% acetic acid. 47 High molecular weight proteins were separated from the desired protease by size exclusion chromatography on a 2.1-L Sephadex G-75 superfine (Sigma Chemical) column equilibrated with 50% acetic acid. The protein was then refolded by rapid dilution into a 10-fold volume of 50 mM sodium acetate buffer at pH 5.5, also containing 10% glycerol, 5% ethylene glycol, and 5 mM dithiothreitol (refolding buffer). The refolded protein was concentrated using an Amicon ultrafiltration cell, followed by dialysis to remove any residual acetic acid. 6, 20, 48 The protein was further concentrated to approximately 1−2 mg mL −1 and stored at −80°C. Protease used for crystallization was further purified on a Pharmacia Superdex 75 fast-performance liquid chromatography column equilibrated with refolding buffer.
Isothermal Titration Calorimetry. Isothermal titration calorimetry experiments were carried out at 20°C using a VP-ITC microcalorimeter (MicroCal). All solutions were prepared in a buffer consisting of 10 mM sodium acetate (pH 5.0), 2% v/v dimethyl sulfoxide, and 2 mM Tris (2-carboxyethyl) phosphine as final concentrations. The protease underwent buffer exchange using PD10 gel filtration columns (Amersham Biosciences). Due to the high affinity of WT protease to all inhibitors as well as the sharp transition to saturation, the thermodynamic parameters for complex formation were obtained by the displacement titration method. 4, 6, 7, 49 Likewise, affinities for ATV binding to Act protease, and APV and DRV binding to both mutant enzymes were determined using competition experiments. With one exception, acetyl-pepstatin (Bachem Bioscience) was used as the competing ligand at concentrations ranging from 250 to 400 μM. For the Flap+ displacement experiments, acetyl-pepstatin concentration was 300 μM with 250 μM APV, while 900 μM acetyl-pepstatin was required for titrations with 66 μM DRV. IDV was used as the weaker binder in displacement experiments with Act protease and DRV, as described. 6 Protease concentrations of approximately 6−20 μM were used in displacement experiments. The protease in the calorimetric cell was initially titrated with the weaker binding inhibitor, followed by titration with the higher affinity ligand for displacement of acetyl-pepstatin (or IDV). APV, ATV, DRV, IDV, NFV, and SQV were used at concentrations of 150−250 μM. The thermodynamic parameters for APV and DRV with the WT protease were obtained as previously described. 6 Due to the decrease in the binding affinity of ATV, IDV, NFV, and SQV with Flap+ protease, the thermodynamic parameters for these complexes were obtained by direct titrations. The same was true for experiments done on Act protease with IDV, NFV, and SQV. In each case, 200 μM inhibitor stock solution was titrated directly into the calorimetric cell containing protease at concentrations ranging from 16 to 26 μM. For experiments carried out using the displacement method, direct titrations were also performed in order to confirm the enthalpy changes acquired through competition experiments. All experiments were carried out at least twice, and their mean values are reported. Heats of dilution obtained after saturation were subtracted from the heats of reaction in order to obtain the heat due solely to the inhibitor binding to the enzyme. Data were analyzed using the Origin 7 software package provided by MicroCal. Concentrations of active, folded protease reported here were determined during curve fitting, by adjusting the protease concentration to the value, which results in a stoichiometric ratio of inhibitor to enzyme at half saturation.
The heat capacity change (ΔC p ) associated with binding of APV and DRV to WT and Flap+ variants was determined by measuring the binding enthalpy over a temperature range of 10−42°C, titrating 200 μM APV or 84 μM DRV into 13 to 50 μM protein in the calorimetric cell.
Crystal Structures. The following nomenclature will be followed to refer to each crystal structure: Inhibitor protease variant . For example, APV WT , APV Act , and APV Flap+ represent the WT, Act, and Flap+ complexes, respectively, of APV. Crystal structures of the six inhibitors in complex with WT, Act, and Flap+ protease variants were determined. The IDV complex did not form diffraction quality crystals, and the flaps in NFV Flap+ exhibit an unusual conformation; 30 therefore, structural comparisons with those two inhibitor complexes are not included. In addition, crystals for the SQV WT complex could not be grown, and therefore the complex structure from the PDB was used (PDB code 1HXB 50 ). The inhibitor in all of the complexes, except ATV WT and SQV WT , binds in a unique conformation. In the ATV WT and SQV WT complexes, the inhibitor binds in two orientations with nearly 50% occupancy for each orientation. In the ATV WT structure, the second phenyl group at P1′ does not have electron density and therefore was not included during any of the subsequent structural analyses. Altogether, this analysis includes eight new HIV-1 protease−inhibitor complexes, three previously reported from our laboratory and one from the database, allowing for a detailed structural comparison of drug-resistant variants with the WT enzyme.
Crystallization and Data Collection. Crystal screens were set up with a 3-to 5-fold molar excess of inhibitor to protease to ensure ubiquitous binding. The final protein concentration ranged from 0.5 to 2.5 mg mL −1 in refolding buffer. The hanging drop vapor diffusion method was used for crystallization as previously described. 6 With two exceptions, crystal screens were set up at ambient temperature using reservoir solutions consisting of 126 mM phosphate buffer at pH 6.2, 63 mM sodium citrate and ammonium sulfate at a range of 25−33% w/v. Crystals for the APV Flap+ and DRV Flap+ complexes, however, were grown at 4°C using 10:1 molar ratios of inhibitor to protein. The buffer used in each case consisted of 50 mM citrate phosphate at pH 5.0 with 7% v/v DMSO, and ammonium sulfate at concentrations of 38% and 28% w/v for APV and DRV respectively.
Crystallographic data for all of the complexes was collected on an RAXIS IV. The raw frames were indexed and integrated using DENZO and subsequently scaled using ScalePack. 51, 52 All of the complexes, except two, crystallized in the usual orthorhombic crystal form with isomorphous cell dimensions. APV Flap+ and DRV Flap+ crystallized in an unusual hexagonal space group with 12 HIV-1 protease dimers per unit cell. The data collection statistics are listed in Table 2 .
Structure Solution and Crystallographic Refinement. The methods used for structure solution are detailed in Supporting Information. The refinement statistics are provided in Table 2 .
Structural Analysis. i. Structural Superimpositions. The inhibitor complexes were superimposed on the substrate capsid-p2 complex with WT protease (PDB code 1F7A 34 ) using the protease terminal domain (Pro1−Pro9 and Arg87−Phe99). This substrate complex was chosen to preserve consistency and enable comparisons with our previous analyses. 6, 21 ii. Double Difference Plots. Double-difference plots, computed using Cα−Cα distances, reveal structural differences between similar structures without the bias due to superimposition. 30, 31 Distances between all of the Cα atoms within each dimer were computed (d ij , where d is the distance and i and j are residue numbers). This was repeated for each of the structures. Double differences (D) were then calculated as the difference of the distances between two structures n and m (D ij = n d ij − m d ij ). The (i × j) matrix was then displayed as a contour diagram using GnuPlot. 31 iii. Estimation of van der Waals potential. Inhibitor--protease van der Waals contacts were estimated by a simplified Lennard--Jones potential V(r) using the relation 4ε[(σ/r) 12 − (σ/r) 6 ]; where r is the interatomic distance, and ε and σ are the well depth and hard sphere diameter, respectively, for each protease−inhibitor atom pair.
53 V(r) is computed for all possible protease-inhibitor atom pairs within 5 Å and equated to ε for non-bonded pairs separated by less than a distance corresponding to the minimum of the potential. Using this simplified potential for each nonbonded protease−inhibitor atom pair, ΣV(r) was then computed for each protease residue. 
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